Two distinct regions of DNA encode the enzymes needed for phthalate degradation by Burkholderia cepacia DBO1. A gene coding for an enzyme (quinolinate phosphoribosyl transferase) involved in the biosynthesis of NAD ؉ was identified between these two regions by sequence analysis and functional assays. Southern hybridization experiments indicate that DBO1 and other phthalate-degrading B. cepacia strains have two dissimilar genes for this enzyme, while non-phthalate-degrading B. cepacia strains have only a single gene. The sequenced gene was labeled ophE, due to the fact that it is specifically induced by phthalate as shown by lacZ gene fusions. Insertional knockout mutants lacking ophE grow noticeably slower on phthalate while exhibiting normal rates of growth on other substrates. The fact that elevated levels of quinolinate phosphoribosyl transferase enhance growth on phthalate stems from the structural similarities between phthalate and quinolinate: phthalate is a competitive inhibitor of this enzyme and the phthalate catabolic pathway cometabolizes quinolinate. The recruitment of this gene for growth on phthalate thus gives B. cepacia an advantage over other phthalatedegrading bacteria in the environment.
Phthalate is a ubiquitous compound in the environment due to its widespread use not only in the manufacture of plastics and textiles but also as an ingredient in pesticide, munitions, and cosmetic formulations (22, 47) . There is some concern over the health effects of phthalate-based compounds, as they have been shown to be both nervous system depressants and stimulators, teratogenic, and estrogen mimics (3, 6, 17, 26, 63, 66) . Although many different types of microorganisms have been shown to readily degrade phthalate (31, 44, 50) there have not been many studies on the toxicity of phthalate to microorganisms. Perhaps the best studied phthalate-degrading organism is Burkholderia cepacia DBO1, for which extensive work has been performed on the enzymes and genes involved in the catabolic pathway (2, 10, 31, 48) . DBO1 initiates the degradation of phthalate ( Fig. 1 ) through dioxygenase attack to form 4,5-dihydro-4,5-dihydroxyphthalate (cis-phthalate dihydrodiol). The enzyme responsible for this initial step is a two-component enzyme consisting of an oxygenase, which actually catalyzes the addition of oxygen to phthalate, and a reductase, which shuttles electrons from NADH to the oxygenase component (2) . Phthalate catabolism continues through the action of a dehydrogenase, which restores the aromatic character of the ring, and a decarboxylase (48) , which removes one of the two carboxyl groups. The resulting compound, protocatechuate, then enters the central aromatic catabolic ␤-ketoadipate pathway (72, 73) . The DBO1 genes encoding the enzymes for the conversion of phthalate to protocatechuate have recently been cloned and sequenced (10) . Interestingly, the four genes are organized into three operons ( Fig. 1 ) with the two genes for the first catabolic enzymes situated on the two outside ends, approximately 7 kb from each other. In between two of the operons is a 4-kb stretch of DNA, which is not needed for the conversion of phthalate to protocatechuate but is involved in the ability of this strain to grow on phthalate as described in this report. The gene organization that is found in B. cepacia DBO1 is quite different from that described for Pseudomonas putida NMH102-2 (43) , in which similar genes for phthalate degradation are present in an operonic structure.
Aromatic dioxygenases often have a broad substrate range, being able to attack compounds other than the pathway substrate(s). The best-studied examples of this are toluene and naphthalene dioxygenase (49, 71) . Phthalate dioxygenase is able to transform other dicarboxylated aromatic compounds to oxygenated products. One example is the transformation of quinolinate (Fig. 1) , a dicarboxylated pyridine (42, 59, 60) . Since quinolinate is an intermediate in NAD
ϩ synthesis this could be deleterious to the cell since quinolinate pools could be depleted and possibly deleterious dihydroxylated intermediates could form. In addition, because of the similarity in structure between quinolinate and phthalate, quinolinate phosphoribosyl transferase (EC 2.4.2.19) is competitively inhibited by phthalate (4), and thus the pathway for NAD ϩ synthesis is inhibited. Since phthalate is a negatively charged compound it does not readily diffuse into the bacterial cell, and thus this competitive inhibition is not normally seen in environments where phthalate is present. However, bacteria utilizing phthalate as a carbon source would actively be transporting phthalate into the cell (10) , and the combination of effects of phthalate dioxygenase on quinolinate and phthalate on quinolinate phosphoribosyl transferase could result in a loss of competitiveness of the bacterium in the environment. The present work describes one mechanism devised by B. cepacia DBO1 to overcome this potential difficulty.
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and growth of strains. B. cepacia DBO1 (ATCC 29424) is the wild-type strain capable of utilizing phthalate as the sole carbon and energy source (30 (46) . The promoter probe vector pKRZ-1 has a promoterless lacZ gene cloned into the broad-host-range vector pUCD615 (52) . Plasmid pRK2013 was used as a helper strain in mating experiments (19) . L broth (35) was used as the complete medium. Mineral salts basal medium (MSB) (57) was used as the minimal medium. Basal medium (BM) (72) was used for growth curves of B. cepacia DBO1 mutants. Carbon sources were added to the medium at concentrations of 20 mM for succinate, 10 mM for p-hydroxybenzoate, and 10 mM for phthalate. Ampicillin and tetracycline were added at concentrations of 100 g/ml and 15 g/ml, respectively, when needed. Nicotinate (10 g/ml) was added to the minimal medium for culturing E. coli WC4546. Burkholderia strains were grown at 30°C, and E. coli strains were grown at 37°C. Molecular techniques. Genomic and plasmid DNA was prepared by established procedures (5, 45) . Restriction digests, ligations, transformation, gel electrophoresis, DNA extraction from gels, probe labeling, Southern hybridizations, and automated DNA sequencing were performed following standard procedures as described previously (10, 18, 23, 33, 65) . The 0.9-kb probe for the ophE gene was PCR amplified under standard conditions (Perkin-Elmer, Inc., Foster City, Calif.) from pGJZ1331 with the SP6 sequencing primer (Promega) and the internal primer 5Ј-GCGAAATACGGTCCAC-3Ј. A modification of the electrotransformation method for Pseudomonas (15) was used to introduce DNA into B. cepacia. Cells (12 ml) were grown to mid-to late-log phase, harvested by centrifugation at 5,000 ϫ g at room temperature, washed in an equal volume of 10% glycerol, and resuspended in 160 l of the same buffer. DNA (0.2 to 0.5 g) was added to 40 l of cells, the solution was incubated at room temperature for 5 min, and an electrical pulse was applied. The electroporator (Gene Pulser; Bio-Rad Laboratories, Rockville Center, N.Y.) was set at 25 F, 200 ⍀, and 1.25 kV for 0.1-cm gap cuvettes. SOC solution (0.5 ml) (53) was added immediately, and the cells were incubated at 30°C for 1 h before being plated on a selective medium.
Construction of an ophE knockout mutant. The ophE gene was knocked out with a kanamycin resistance cassette. Initially a 4.5-kb BamHI fragment containing ophE from pGJZ1301 (10) was cloned into pGEM7Z-f(Ϫ). A 1.3-kb BamHI kanamycin resistance cassette derived from pUC4K was inserted into the unique BclI site in ophE. The BamHI fragment (now 5.8 kb) containing the disrupted ophE gene was moved to the mobilizable suicide vector pARO180. The resulting construct, designated pGJZ1332, was transferred by triparental mating into DBO1 with selection on a minimal medium supplemented with succinate, nicotinate, and kanamycin. Southern hybridization of restriction digested genomic DNA was used to identify clones which had single-crossover (DBO301) or double-crossover (DBO302) recombination events or had become spontaneously kanamycin resistant (DBO303) without the insertion of the resistance gene.
Promoter assays. The PCR procedure for amplifying the region upstream of the ophE gene involved a step at 94°C for 1 min, 25 repeated cycles of 15 s at 94°C, 30 s at 50°C, and 4 min at 60°C, a 10-min step at 72°C, and a step at 4°C until the tube was removed. Primers HK-A2 (5Ј-ATTCCGTCGACTCGGGAA G-3Ј) and HK-B (5Ј-GCTCTAGAATGTTTCGTCGAACC-3Ј) were utilized. Primer HK-A2 includes a SalI site (underlined), while a new XbaI site (underlined) was included in primer HK-B. The PCR product was cleaved with SalI and XbaI and cloned into pKRZ-1. The cloned region was sequenced to verify that no changes were introduced by the Taq polymerase. LacZ assays were performed with cells in mid-log phase. Harvested cells were washed twice with phosphate buffer (50 mM sodium/potassium phosphate buffer, pH 7.25) and resuspended at 0.1 times the original volume. The cells were sonicated at 475 W at 4°C for 3 min with intermittent pulsing (1 s on and 3 s off).
A modified ␤-galactosidase assay (40) was used to measure LacZ activity in cell-free extracts. The crude cell extract (30 l) was added to 370 l of buffer Z (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , and 40 mM 2-mercaptoethanol) in a 1.5-ml microcentrifuge tube. o-Nitrophenyl-␤-D-galactopyranoside (100 l of a 4 mg/ml stock) in buffer Z was added to initiate the enzyme reaction, and the mixture was incubated at 37°C for 30 min. The reaction was stopped by adding 500 l of 1 M sodium carbonate to the mixture. Enzyme activity was calculated as nanomoles of o-nitrophenol formed per minute per milligram of protein. The protein concentration was measured by the Bradford procedure (7) with bovine serum albumin as the standard.
Nucleotide sequence accession number. The nucleotide sequence has been deposited in the GenBank database under accession no. AF095748.
RESULTS
Identification of a nadC-like gene associated with the genes for phthalate degradation. The four genes coding for the initial steps in phthalate degradation (Fig. 1) are clustered in two groups approximately 4 kb apart (10) . The intervening region was sequenced, and two open reading frames were identified (Fig. 1) . One of these open reading frames, designated tnp, shows a high degree of similarity to known transposases (data not shown). The enzyme encoded by the second open reading frame shows a high degree of similarity to quinolinate phosphoribosyl transferase (NadC) from several different sources (Fig. 2) . The question as to why a gene involved in the synthesis of NAD ϩ would be physically associated with the genes for phthalate degradation is the subject of this investigation. This nadC-like gene has been designated ophE, due to its physical association with the oph genes for the degradation of phthalate and its role in phthalate degradation as described below.
In order to prove that the identified ophE gene encodes a protein with NadC activity, mutant complementation experiments were performed. A 1.2-kb SphI-AatII fragment containing the entire ophE gene was subcloned into pGEM5Z-f(Ϫ). The resulting plasmid, designated pGJZ1331, was introduced into the nadC E. coli strain WC4546. This strain requires nicotinate in order to grow on a minimal medium due to the block in its NAD ϩ synthesis pathway. However, WC4546 (pGJZ1331) is able to grow on MSB medium containing succinate without nicotinate, demonstrating that ophE is able to complement the nadC mutation and thus that the encoded enzyme has quinolinate phosphoribosyl transferase activity. Control experiments with WC4546[pGEM5Z-f(Ϫ)] showed no growth on the minimal medium without nicotinate.
Two dissimilar copies of nadC-like genes. The nadC genes of Salmonella typhimurium and E. coli are not physically linked to other genes for the de novo synthesis of NAD ϩ (25, 68) . The ophE/nadC gene identified here is also located in an isolated area not linked to other genes involved in NAD ϩ synthesis. It is possible that ophE is really nadC and that its presence near the genes for phthalate degradation is a mere coincidence or that there are two nadC-like genes, one associated with the genes for phthalate degradation and the other located somewhere else. These alternative hypotheses were first tested by performing Southern hybridizations with portions of the ophE gene as probes. Initially, a 0. This result suggested that a single ophE/nadC gene exists in B. cepacia DBO1. However, a detailed analysis of the amino acid sequences of all NadC enzymes in the GenBank database indicates that the C-terminal half of the protein is more conserved across genus and species lines, while the N-terminal half of the protein shows more evolutionary divergence. This being the case, a second probe was prepared by PCR in order to include most of the ophE gene. A 0.9-kb fragment of DNA was amplified from pGJZ1331 with primers hybridizing to the SP6 promoter region of the vector and to a position near the end of the ophE gene (see Materials and Methods). A Southern blot with this fragment as a probe against genomic DNA digested with either BamHI, EcoRI, PstI, or XhoI is shown in Fig. 3 . In every case one strongly hybridizing band and one weakly hybridizing band can be seen. The size of the strongly hybridizing band corresponds to that predicted for the ophE gene. The weakly hybridizing band is most likely the nadC gene of B. cepacia DBO1. The fact that the bands are not of equal intensity suggests that the ophE gene was not recruited by a simple gene duplication event but actually was obtained from an evolutionarily distinct source. In order to investigate this further Southern hybridizations were carried out with BamHI-digested genomic DNA prepared from phthalate-degrading and nonphthalate-degrading B. cepacia strains and the 0.9-kb ophE gene probe. In every case (Fig. 3) genomic DNA from nonphthalate-degrading B. cepacia strains showed a single faintly hybridizing fragment, while phthalate-degrading B. cepacia DBO1 and ATCC 17616 showed two disparately hybridizing bands. The ophE gene is thus only associated with phthalatedegrading B. cepacia strains and may be somehow related to the ability to metabolize phthalate.
OphE enhances growth on phthalate. In order to verify that there are two genes (ophE and nadC) in B. cepacia DBO1 coding for quinolinate phosphoribosyl transferase, gene knockout experiments were performed. A mutant strain, designated DBO302, which has a kanamycin resistance cassette inserted into the BclI site of the ophE gene, was constructed by double reciprocal recombination as described in Materials and Methods. DBO302 is able to grow on MSB medium containing succinate, indicating that a lack of ophE does not impair the ability of the strain to synthesize NAD ϩ . This verifies that there must be a functional nadC gene somewhere else in the genome. Additionally, DBO302 is still able to grow on MSB medium containing phthalate, indicating that ophE is not absolutely required for the degradation of phthalate. However, the close physical proximity of ophE to the genes coding for the enzymes involved in phthalate degradation led us to believe that it must play some role in the metabolism of phthalate. This being the case, growth rates of the ophE knockout mutant DBO302 and the spontaneously kanamycin-resistant mutant DBO303 were compared on various substrates (Fig. 4) . broth with phthalate as the sole carbon source. In this case DBO303 has a doubling time of 1.4 h, while DBO302 grows at less than half of this rate with a doubling time of 3.1 h. In order to test whether this deficiency of growth rate is due to the missing ophE gene, mutant complementation experiments were performed. The ophE gene was cloned into a broad-hostrange vector by first subcloning a 2.4-kb XhoI fragment containing the ophE gene into pGEM11Z-f(Ϫ), then by utilizing restriction sites that cleave in the vector, a BamHI to EcoRI fragment was transferred into pRK415, and the resulting clone was designated pGJZ1333. The growth of DBO302 carrying either pRK415 or pGJZ1333 was compared on BM broth containing phthalate (Fig. 5) . The cloned ophE gene restored the ability of DBO302 to grow on phthalate, increasing the growth rate above wild-type levels. In fact, the wild-type DBO1 strain grew slightly faster on phthalate when it carried the cloned ophE gene (pGJZ1333) than when it carried the vector alone. These experiments clearly demonstrate that OphE enhances the ability of DBO1 to grow on phthalate while not being required for the actual metabolism of phthalate.
ophE is induced by phthalate. If ophE is indeed involved in phthalate degradation by B. cepacia DBO1 then it stands to reason that the gene should be induced when the strain is grown in the presence of phthalate. The putative promoter region (384 bases from within orf2 to within ophE) was amplified by PCR with primers HK-A2 and HK-B and cloned into the lacZ promoter-probe plasmid pKRZ-1. The resulting plasmid, designated pGJZ1334, was introduced into B. cepacia DBO1 by electroporation. ␤-Galactosidase activity was measured in crude cell extracts following growth in the presence of various compounds (Fig. 6 ). DBO1(pGJZ1334) had minimal LacZ activity when grown in MSB broth with succinate (Ͻ50 nmol/min/mg). However, growth on phthalate as the sole carbon source resulted in a Ͼ16-fold increase in LacZ activity (ϳ800 nmol/min/mg). In order to verify that this increase in LacZ activity is the result of induction of the ophE gene by phthalate and not just a generalized stress response due to the inhibition of quinolinate phosphoribosyl transferase (OphE or NadC) a second experiment was performed. DBO1(pGJZ1334) was grown on MSB broth with succinate and 20 mM fructose 1,6-bisphosphate, a known inhibitor of NadC. In this case no increase of LacZ activity above basal levels was detected. These experiments clearly indicate that the ophE gene is induced by phthalate and thus is specific for growth in the presence of phthalate.
DISCUSSION
Aromatic hydrocarbons are widely found in the environment. It is not surprising therefore that microorganisms have evolved mechanisms to utilize these compounds as carbon and energy sources for growth. In fact, microorganisms are constantly evolving such abilities, and much literature has been devoted not only to an analysis of the catabolic pathways but also to the mechanisms by which microorganisms evolve such capabilities (64) . Catabolic genes are often present as operonic segments that can be recruited or recombined to make metabolic pathways for new substrates. However, only a few mechanisms have been reported by which microorganisms overcome the potential toxic effects of the compounds they are metabo- lizing. The best known of these mechanisms is perhaps that of solvent resistance, protecting the cell against the deleterious effects of hydrophobic solvents on the cell membrane (32, 67) . In the case of growth on phthalate the cell is exposed to two potentially deleterious effects that act on the same step in NAD ϩ synthesis: the conversion of quinolinate and phosphoribosyl pyrophosphate to nicotinic acid mononucleotide by quinolinate phosphoribosyl transferase. Growth on phthalate results in high levels of phthalate dioxygenase that not only has the ability to oxidize phthalate to a cis-dihydrodiol (Fig. 1) but also is able to convert quinolinate to oxidized products. This effectively depletes the intracellular pool of quinolinate and decreases the rate of synthesis of NAD ϩ . Growth on phthalate also results in high intracellular levels of phthalate due to the transport of this negatively charged molecule into the cell (10). Since phthalate is a known competitive inhibitor of quinolinate phosphoribosyl transferase (4) this also results in a negative effect on the same step in NAD ϩ synthesis. B. cepacia DBO1 has overcome this potentially deleterious effect of growth on phthalate by recruiting a gene for quinolinate phosphoribosyl transferase and placing it not only under the inducible control of phthalate but also moving it within the cluster of genes responsible for phthalate degradation. To our knowledge, this is the first example of the recruitment of a gene for a biosynthetic activity into a catabolic operon to overcome the possible deleterious effects of a growth substrate on the cell. The fact that the phthalate-inducible ophE-encoded quinolinate phosphoribosyl transferase confers an advantage on the cell is evident by the data presented in Fig. 5 . Insertional knockout mutants lacking this gene grow slower on phthalate than does the wild type. The lack of ophE has no discernable effect on the growth of DBO1 on other substrates such as succinate or the related aromatic compound p-hydroxybenzoate.
B. cepacia is one of the more versatile pseudomonads in terms of its ability to utilize a wide variety of carbon sources FIG. 4 . Growth of DBO302 (ophE knockout) (s) and DBO303 (spontaneously kanamycin-resistant mutant of DBO1) (F) in a minimal medium with succinate (A), p-hydroxybenzoate (B), or phthalate (C) as the sole carbon source. OD 600 , optical density at 600 nm.
FIG. 5.
Growth of wild-type DBO1 (circles) and the ophE knockout mutant DBO302 (squares) in a minimal medium containing phthalate with either the vector (pRK415) (black) or the cloned ophE gene (pGJZ1333) (white). Growth is slower than that shown in Fig. 4 (57) . Part of this ability is due to the large size of its genome (11, 36) , but the species' ability to recruit and reorganize DNA also plays a role. For instance, certain insertion sequences in B. cepacia are known to activate the expression of foreign genes under selective pressure (9, 21, 54, 69, 70) . In these cases gene expression is often constitutive, driven from a promoter in the insertion sequence. Interestingly, an insertion sequence is adjacent to the ophE gene in DBO1 (Fig. 1 ). This insertion sequence may have been involved in the recruitment of ophE and its association with the ophA1A2BCD genes for phthalate degradation. However, ophE is specifically inducible by phthalate and thus has evolved its own promoter, contrary to other insertion sequence-recruited genes in B. cepacia where expression is constitutive. It is interesting to note that the ophA1A2BCD structural genes for phthalate degradation are arranged into three operons, on both sides of ophE. ophD codes for a frame-shifted nonfunctional phthalate permease (10) , while the real phthalate transporter is encoded elsewhere on the DBO1 genome (14) . This means that there are at least five phthalate-inducible operons in B. cepacia DBO1 [ophA1, ophDC, ophE, ophA2B, and the transport gene(s)]. This gene organization is not unique to DBO1, as B. cepacia 249, another phthalate degrader, has a restriction fragment length polymorphism pattern identical to that of DBO1 for this locus. This is contrary to that found in P. putida NMH102-2, in which the genes for phthalate degradation are adjacent to one another and are transcribed in the same direction (43) . No ophE analogue has been found clustered with the genes for phthalate degradation in P. putida. A comparative analysis of ophE and other quinolinate phosphoribosyl transferase genes (Fig. 2) shows that it is most similar to those from Pseudomonas aeruginosa (59.9% identity with zero gaps), S. typhimurium (55.0% identity with two gaps), E. coli (53.0% identity with two gaps), and Neisseria gonorrhoeae (51.0% identity with three gaps). The GϩC content of ophE (63%) is less than the 68% reported for the B. cepacia species (1) and the 67% reported for the genes for protocatechuate dioxygenase (73) from DBO1. However, it is in line with the 62 to 63% GϩC content of the other oph genes. This suggests that ophE and the other oph genes were recruited from outside of the B. cepacia species. This is backed up by the fact that Southern hybridizations (Fig. 3) with ophE show a strongly hybridizing band (for itself) and a weakly hybridizing band. The latter is presumably due to the hybridization to the housekeeping gene nadC. The fact that there is not a strongly hybridizing second band suggests that ophE was not recruited by a duplication of existing nadC followed by evolution to become phthalate inducible. The similarity of ophE to nadC genes from related gram-negative bacteria indicates that the recruitment was not from an evolutionarily distant species.
